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!BSTRACT . 
' 
" 
The objective of the present study is to identify a 
suitable short term test (or tests) for evaluating the 
machinability of Free-Machining Stainless steels. The 
literature reveals the existence of several standard 
machinability tests that are used for assessing the 
machinability of Free-Machining Stainless steels. But these 
tests utilize thousands of pounds of material and are time 
consuming. Therefore tests such as Power Hacksaw, Power 
Bandsaw and Slot Milling were tried as short term 
rnachinablity tests. Data collected from these tests were 
analyzed with Tukey's and Duncan's multiple range test along 
with one-way Analsis of Variance (ANOVA). The machinability 
ranking of Stainless steel materials obtained from these 
tests were compared with the rankings that have been 
established from Automatic Screw/Bar test. The limitations 
of the present tests is explained along with the 
recommendations for future work. 
CHAPTER l 
INTRODUCTION 
• A great deal has been written about the rnachinability 
of steels over the years. Research has been documented to 
explain, in terms of properties or chemistry or 
microstructure, why certain materials are more easily 
machinable than others. Proposals have been made on how 
rnachinability should be tested. But there is no simple 
standard procedure that could be used to test the 
machinabilty of materials for all machining processes such 
as drilling, milling, turning and grinding. 
Machinability is often considered as the ease or 
difficulty with which a material can be machined with 
appropriate cutting tools. In the context of automation, the 
consistency of work materials, cutting tools and cutting 
fluids are very important. This le·ads to the increased 
pressure on the work materials and cutting tool 
manufacturers to produce consistent good quality work 
materials and cutting tools. Thus steel manufacturers are 
not only concerned about the rnachinability of their steels 
but also about the consistent quality of their steels. 
At present, Carpenter Technology evaluates Stainless 
-Steels on an Automatic Screw/Bar machine by following ASTM 
s t and a rd [ 1 ] • I t i s a 1 on g t e r m t es ,t in w h i ch v a r i o u s 
machining operations such as drilling, forming, parting and 
threading are performed in a sequential fashion. The part 
growth and roughness are the responses that are used to 
characterize the machinability rating of these steels. The 
constant drill pressure test is also used sometimes to 
evaluate the machinability of stainless steels. 
The automatic screw machining procedure utilizes 
thousands of pounds of steel and takes several months to 
complete. Since it is a costly and time consuming test 
procedure, it is not normally used as a screening test for 
new free-machining alloys and is never used as a process 
control tool in the batch preparation of these types of 
engineering materials. Thus Carpenter Technology is 
interested in developing a short term test that correlate 
well with the screw machine test and can be used in 
evaluating the consistency of the production of steel bar 
products and also for the evaluation of free-cutting 
stainless steels while they are in the early stages of 
development. 
The objective of the present work is therefore to 
identify a suitable test (or tests) for assessing the 
machinability of free machining stainless steels. For this 
2 
-· 
purpose, three tests such as Power Hack Saw, Power Band Saw 
and Slot Milling will be tried. Suitable responses (output) 
from these tests will be used to assess the machinability of 
free-machining stainless steels and correlated with the 
machinability rating provided by the screw machining tests. 
Also the possibility of using any of these tests as a short 
term screening test will be explored. 
Chapter 2 introduces the concept of machinability and 
explains its dependence on the alloying constituents in the 
context of free machining steels. A brief description of the 
various testing methods that are traditionally used for 
evaluating the machinability of steels is also provided in 
Chapter 2. The need for a short term machinability test is 
identified in Chapter 3. The details of the analysis of the 
responses from the three tests are discussed in Chapter 4. 
Chapters 5, 6 and 7 provide the procedural details for Power 
Hacksaw, Power Band Saw and Slot Milling tests. The 
preliminary results that were obtained from these tests were 
discussed in Chapters 5, 6 and 7. The results obtained from 
confirmation experiments are compared, with the results 
reported in Chapters 6 and 7, in Chapter 8. Also the 
conclusions from the present work and recommendations for 
future work are provided in Chapter 8. 
3 
CURTER 1 
MACBIUBILITY AND FRBB-UCBIRIRG STBBLS 
Machinability is a term which denotes the relative ease 
or difficulty with which a metal can be machined to an 
appropriate geometry and surface finish. Machinability of a 
.. ' 
material is generally defined [2-9] in terms of the 
following factors: 
a. Forces and Power consumption 
b. Tool wear, and 
c. surface finish and integrity. 
Thus, a material with good machinability is the one 
that requires low power consumption with low tool wear, and 
can produce a good surface finish with no rnettalurgical 
damages. An additional parameter sometimes included in 
machinability is chip curl. Long, thin curled chips, if they 
can not be broken up with a chip breaker, can interfere with 
the operation by becoming entangled in the cutting area. 
Thus, a material which produces such a chip is less 
machinable than one with breakable or discontinuous chips. 
Because of the complex nature of the relation between 
these parameters, it is difficult to establish quantitative 
relationships to define the machinability of a material [9]. 
Instead, evaluation of machinabiiity is usually done on 
4 
a relative basis. The machining performance of a material, 
measured by use of some dependent variable in the cutting 
process, is compared with the performance of a standard or 
base material and expressed as an index number with base 
equal to 100. A work material which is more easily machined 
than the base material will have a rnachinability rating 
greater than 100 [7]. Machinability index of any material is 
a qualitative and relative measure of the inherent material 
characteristics observed under specific conditions. Although 
related to machining properties and also considered as a 
metal property, machinability can not be expressed by very 
quantitaive relationships. 
• 
A high machinability rating normally indicates the 
following characteristics about the work material and the 
operation: 
Long cutting tool life 
Good surface finish of the machined surface 
Low cutting forces and temperatures 
Relatively low power consumption 
Ease of chip disposal 
Good dimensional stability 
Although the term machinability is generally used to refer 
to the work material, the above characteristics can also be 
used as citeria against which different tool materials, tool 
geometries, cutting fluids, etc., can be evaluated. Before 
5 
.. 
we discuss -the effect of alloying constituents on the 
.. 
machinability, let ua take look at the different methods 
i 
that are currently used for assessing the machinability of 
.steels. 
CONVEN'l'IONAL TESTING METHODS FOR 
EVALUATING MACHINABILITY OF STEELS 
Although there is no universally accepted method for 
evaluating machinability, it has traditionally been based on 
one of the following criteria: 
a. Tool life as measured by the amount of the material 
that can be removed by a standard tool under specific 
cutting conditions before tool performance is unacceptable 
or tool wear reaches its critical life. 
b. Cutting speed as measured by the maximum speed at which 
a standard cutting tool can continue to provide satisfactory 
performance for a specified period of time under specified 
conditions. 
c. Power consumption as measured by the power ~equired to 
remove a unit volume of material under specified cutting 
conditions. 
d. A fourth criterion, quality of surface finish, is also 
used sometimes for evaluating the machinability of steels. 
) 
6 
TAYLOR TEST (TOOL LIFE TEST) - Tool life (T) and cutting 
speed {V) for single-point turning can be related by the 
expression developed by Taylor in 1907: 
n 
VT -- C 
where n and Care emperical constants reflecting the cuttin
g 
conditions and the machinability of materials. Because th
e 
values for n can range from 0.1 to 0.2 for high speed stee
l 
(HSS) tools and from 0.2 to 0.4 for carbide tools, small 
variations in cutting speed cause large changes in too
l 
1 i f e • T h e r e f o r e , i. t i s m o r e p r a c t i c a 1 t o m e a s u r e t 
h e 
machinability as the cutting speed that is required to caus
e 
tool failure within a certain period, usually 1 hour, tha
n 
as tool life at a particular cutting speed. 
In determining the machinability of a particular steel, 
for example, tool life for each of several cutting spee
ds 
under specified cutting conditions are measured, values 
n 
and Care determined from the data, and cutting spee
d 
corresponding to tool life is calculated. The rnachinabilit
y 
of the steel is then reported as a percentage of the cuttin
g 
speed relative to a reference steel - originally, cold-draw
n 
B1112, the B designating the obsolete Bessemer steelrnakin
g 
process, and in recent years with reference to cold-draw
n 
• 
1212. 
7 
LASALLE TBST - This is a new test which has been developed 
by LaSalle Steel [10], and is normally considered as a rapid 
test to evaluate the machinability as well as the product 
uniformity. The test is carr_ied out as an integral part of 
a tension test specimen preparation, which plays an 
essential part in the production of steel bar products. 
LaSalle's rnachinability test is sensititive to properties, 
structure, and chemistry variations, has good 
reproducibility, and provides a tool suited for quality 
control to ensure uniform rnachinability of certain specialty 
bar products. 
LaSalle rnachinability test is based on "tool failure". 
Once the test parameters have been established, a material 
with uniform properties can be machined without tool 
failure. The test is sensitive enough, however, to cause 
failure when the material properties vary from the norm. The 
test establishes a threshold "go" feed for acceptable 
machinability at some constant feed increment, which is 
dependent on the material and sets a "no-go" feed at one 
,' 
increment higher than the "go" feed. Machine speed (sfpm) is 
normally held constant. The test requires computer 
controlled speeds and feeds. Accuracy is held to the nearest 
single rpm and 0.0001 in. per rev. (ipr), respectively, over 
the length of cut when machining a tension specimen. No tool 
failure occurs when the center area of the test specimen is 
8 
.. , 
machined at the:•go" feed, while catastropic tool failure 
occurs when the test area is machined at the "no-go" feed. 
Material with "below normal" properties fails at the 
established "go" feed. 
AUTOMATIC SCREW MACHINE TEST - Although machinability has 
been evaluated for many years by various methods, Automatic 
Screw/Bar machine test has been used as a performance test 
for evaluating the machinability of ferrous metals. This 
test has been established by American Society for Testing 
and Materials (ASTM) [l]. 
In this test, the machining performance of a 1-inch 
diameter bar is measured by the maximum rate at which the 
test piece can be produced within specified surface 
roughness and dimensional limits during a specific period of 
time by the standard speed and tool feedrate. Suggested 
cutting tools are HSS, M7 for drills and M2 for form tools; 
however, this does not preclude use of other tools. 
The maximum recommended average surface finish on the 
test piece in a sample set is 150 microinch on the finish-
form surfaces or 300 microinch on rough-form surfaces. The 
maximum recommended increase in diameter from the starting 
size for a sample is 0.003 in. for the finish-form surface 
(or major) diameter or 0.005 in. for the rough-form surface 
9 
. .) 
r 
(or minor) diameter. 
) 
I 
If a single-spindle automatic screw machine is used, 
six consecutive test pieces constitute a sample set. With 
multi spindle automatics, a sample set consists of one test 
piece taken at cutoff from each spindle in numbered sequence 
during one complete cycle (revolu~ion of the spindle 
carriage). 
Machining performance is evaluated in terms of tool 
life for a form tool cutting speed and tool feedrate, and 
the hourly rate of production. Tool life is the hours of 
machine time determined from the calculated hourly 
production rate. The total number of test pieces is arrived 
by counting the number of pieces that are made from the 
start of the test to the point at which the average surface 
roughness or average diameter increase in a sample set 
consistently exceed the recommended values. 
This test permits variations in test conditions, 
provided they are applied equally to all tested materials. 
The main advantage of this method is that it combines the 
variables of machining speed and feedrate into a single 
index of machinability, the maximum production rate. Also it 
utilizes for its machinibility analysis all the major 
operations that are usually carried out by customers. The 
10 . 1 ,; 
main disadvantage of this test is that it consumes a 
considerable amount of material and time and poor 
repeatability due to the involvement of several parameters. 
CONSTANT PRESSURE DRILL TEST - In this test, the specimens 
are drilled for 15 seconds under a fixed load, and the depth 
of the hole is measured as the index of machinability 
rating. The deeper the hole • 1 S, the better the 
machinability. Hardness of the specimens are usually kept as 
close as possible to eliminate any bias. This test is used 
by Carpenter Technology for assessing the rnachinability of 
stainless steels. 
FREE MACHINING STEELS 
Machining is often the major contributor to the total 
fabrication cost of the parts - accounting, in many cases, 
• 
for more than 40% of the total fabrication cost [8]. Thus, 
any material that optimizes the machining operations by 
perrnttting faster cutting speeds, higher feed rates, or 
. 
longer tool life provides the oppurtunity for substantial 
cost reduction. Because of their modest price premium, their 
use can often be justified even if only a moderate amount of 
roaching is required. 
Free-machining steels [8, 10-12] are carbon, alloy and 
stainless steels specially treated with additives such as 
11 
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• 
/ 
sulfur and/or lead, to facilitate machining and thereby 
i / . h f ·, ncrease production rates. Althoug many actors such as the 
the normal constituents of steel, steelmaking technology and 
subsequent treatments influence machinability, the additives 
play an important role in distinguishing free-machining 
steels from regular steels. 
In recent years, ladle refining has provided a better 
means of controlling the effects of these additives, and 
continuous casting has provided a more economical means of 
duplicating at least a few of the traditional ingot-cast 
steels. Despite the better control, however, some of these 
additives have adverse effects on other properties that may 
be required for parts fabrication and/or on the performance 
properties that parts may require. For some applications, 
these effects may betrninimal and tolerable, but, in others, 
they may preclude selection of a free-rnachiing steel. These 
free-machining steels embrace a broad range of materials. 
When properly used, they provide a considerable increase in 
metal removal rate. In addition, the better surface finishes 
attainable from free-machining steels often eliminate costly 
finishing operations. 
Higher machining speeds proportionately reduces the 
actual cutting time and improves the surface finish. This 
leads to increased tool preparation and tool changing costs. 
12 
,--
Therefore, selection of the most appropriate free-machining 
grade for~ given product is a process of balancing reduced 
machining costs against increased tooling costs. One method 
for increasing the machining speed while lowering tooling 
costs is by adding one or more chemical elements to the 
steel. These free-machining additives are sulfur, 
phpsphorus, lead and sometimes nitrogen, selenium, tellurium 
or bismuth. 
Key factors that affect machinability are composition, 
hardness and structure. Composition generally calls for 
special additives. Sulfur, the most important, forms 
sulfides that serve as chip breakers and lubricants. Type 
416, a 13% Cr grade, contains up to 0.40% s. Other stainless 
steels require different elements - selenium, phosphorus and 
lead, for instance. The machining properties are less 
favorable than sulphur - alloyed steel but the cold working 
and corrosion properties are better. Lead alloyed steels act 
in the same way as seliniurn afioyed steels but it can be 
added only with difficulty under economically justifiable 
conditions. Composition can also affect machinability by 
alter.ing the structure. 
Hardness is impo.rtant because a steel which is too soft 
acts as "gummy" when it is machined and develops poor 
finishes on machined surfaces. And if hardness is too high, 
I 
13 
excessive machining forces from cutting these materials lead 
to excessive tool wear and poor tool life [10,11]. 
The metallurgical structure affects machinability 
according to the phases that are present. A substantial 
amount of ferrite in the tempered martensite matrix of type 
416, for example, provide improved machined finishes and 
chip characteristics. Too much of this phase, however, 
limits attainable hardness. The size, shape and 
distribution of inclusions affect the machinability of 
steels. 
Free-machining carbon and alloy steels often contain 
added amounts of either sulfur or lead or both in\~ case 
/ 
of certain carbon steels. Sulfur and lead improve machining 
characteristics in two ways: by decreasing the amount of 
work or energy required to form a chip, and by increasing 
the tendency for the chip to curl, facilitating chip 
clearance and disposal. Sulfur and lead also reduce the area 
of contact between the chip and the cutting tool. This 
reduction, within certain limits, improves tool performance. 
Lead not only acts as a lubricant but helps significantly in 
many cases to form small chips. Small chip size is very 
desireable for drilling, tapping and similar operations. 
' 14 
• 
Besides enhancing tool performance, the presence of 
sulfur and lead in "resulphurized" and "leaded" steels 
permit higher cutting speeds which leads to better surface 
finishes. Within certain limits, phosophorous also improves 
the machining characteristics o~low carbon steels by 
promoting the formation of brittle chips, which are 
desireable in drilling and tapping. Moderate phosphorous 
additions to resulfurized low-carbon steels improve the 
quality of tapped threads. 
The increased strength obtained from adding 
phosphorous or nitrogen to low-carbon steel often helps in 
machining workpieces having small cross-section, 
particularly when used on automatic bar machines. Excessive 
nitrogen, however, can reduce the life of cutting tools. 
Selenium or tellurium may be added to leaded carbon or alloy 
'i steels or to certain stainless steels to increase machining 
speeds and improve surface finishes. The effect of these 
elements on the steel is similar to that of lead. Bismuth 
increases the machining speeds of leaded carbon steels for 
product applications such as fasteners and spark-plug bodies 
[ 12] . 
Although, the rnicrostructure of the material depends to 
a great extent on its chemical composition, accurate 
machinability prediction through chemical composition can be 
15 
done when other factors are held constant. Small variations 
in rolling procedure, heat treatment, cooling rate, bar 
size, etc. can cause variation in microstructure, and this 
in turn will lead to improper machinability rating [13-21]. 
Although these references [13-21] relate to the work that 
has been carried out for free-machining carbon steels, 
similar observations are true for free-macining stainless 
steels. Despite the numerous studies in this area, no 
predictive models is available to relate the microstructure 
effects on the machinability rating [13-21]. 
It has been shown [13-21] that the rnachinability 
evaluation through chemical composition, microstructure 
analysis and physical or mechanical properties can not be 
accurate. Machinability testing is the only viable 
alternative. Carpenter Technology believes that the 
machinability assuarance in the rolling mill will provide 
the manufacturing competitiveness by producing materials 
with accurate and consistent machinability ratings. Thus, a 
high level of demand exists for short term tests which will 
consume a small amount of material and require very little 
time to assess the consistency and accurate machinability 
ratings for these stainless steels. 
16 
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SHORT TBM TESTING UTBODS 
Due to increased demand for unmanned factories, there 
is an unprecedented need for consistent and easily 
machinable materials, consistent and long lasting tools and 
consistent cutting fluids. The reliability of manufacturing 
systems improve to a great extent by the consistency of work 
materials, cutting tool and cutting fluids. 
It has already been discussed in chapter 2 that the 
variations in chemical compositions or rolling procedure can 
magnify the machining characteristics of the material [19-
21]. Although it is possible to obtain a tighter control on 
the variability of these chemical constituents, the 
rnachinability ratings can be altered by the rrilling 
procedure, rolling temperature, cooling rate, heat 
treatment, etc •• Thus a test which would require small 
amount of time and material, and that can be utilized for 
machinability assurance is in great demand. For this reason, 
Carpenter Technology is interested in developing a short-
term test that correlates well with the Automatic Screw/Bar 
test and can also be utilized in production lines for daily 
roach inability evaluation. In pa rt icula r, the proposed 
screening tests are being developed as a means to evaluate 
the consistency of the production of steel bar products and 
17 
also for the evaluation of free-cutting stainless steels 
while they are in the early stages of development. 
The short term tests should closely simulate production 
conditions by utilizing standard machine tools, cutting 
tools and cutting conditions that are practical. These tests 
'), .. ~-
. 
should consume very little material, time and effort. An 
important requirement is that the short term tests should be 
very sensitive to variations in machinability 
characteristics and should provi~e a highly reliable and 
repeatable machinability index. Short term tests should be 
capable of being used along with the rolling mills for 
machinability assurance. 
Although it has been pointed out [7] that different 
machinability ~ests will provide different order of rankings 
to a set of materials, three different tests will be tried 
to achieve a short term machinability test. The objective 
f·or these three tests will be the same as discussed in the 
previous paragraph. The three tests that are utilized for 
the present study are: Power Hack Saw, Power Band Saw and 
Slot Milling. The ultimate goal is to utilize any of these 
tests at Carpenter Technology for determining the 
machinability level in daily production and in assuring the 
quality of stinless steel bar products. Any of these three 
tests should provide a reasonable correlation with the 
18 
Automatic Screw/Bar machine results. 
The selected materials are listed in Table 1 along with 
• 
their chemistry. For the present study, Types 303, 316 and 
416 stainless steels were used for machinability evaluation 
tests and this happens to be commercially well developed 
steels. Their machining characteristics along with the 
mechanical properties are well established. The idea is that 
the short term tests that are currently being developed 
should correlate well with the standard testing procedure 
such as Automatic Screw/Bar macining test. Having 
established the required confidence on the newly developed 
tests, it should be possible to use it as a test to qualify 
the machinability of new steels to be developed and also as 
a quality control for the steel during its production stage. 
Stainless steels are characterised by high chromium 
content. They are non-magnetic and possess excellent 
) 
corrosion resistance. Stainless steels normally harden by 
cold working. Type 303 and 316 stainless steels are 
austenitic, where as Type 416 stainless steel is of 
martensitic in structure. Eight different steels obtained 
from diffe~ent heats along with their mechanical properties 
are being listed in Table 1. A cross-section of one of the 
steel bars along with the microhardness at various locations 
along the cross-section of the bar is given in figure 1. 
19 
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-
7.44 8.60 . ~ 0 
7.44 R.60 .40 
7.3P. 8. 46 .39 
.08 
.08 
. 61 
. 6 I 
.33 
.03 
.03 
.03 
.03 
.04 
7 
7 
8 
8 
0 
94/ I I 0 
GOLD 
BONG 
.063 .34 17.3~ 8.46 .39 .33 .0 40 
44/92 
71/101 
43/90 
50/91 
GREEN 
ORANGE 
YELLOW 
BLUE 
- -
316 
·----~--i.. 
-
91/27 
92/30 
BLUE ON 
YELLOW 
ORANGE ON 
YELLOW 
' 
• 
240 HV 
220 
213 
208 
207 
201 
197 
193 
189 
185 
189 
189 
189 
I . 00 0 
VARIATION OF MICROHARDNESS ALONG THE CROSS-SECTION 
FIGURE I 
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This clearly reveals the presence of significant change in 
the hardness along a cross-section of stainless steel bar, 
which could significantly contribute to the variation in 
machinability rating of these stainless steel materials. 
.. 
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j\RALYSIS OF DATA 
The observed responses (output of the tests) from each 
of the three tests for the eight materials were subjected to 
one way Analysis of Variance (ANOVA). The objective is to 
test the hypothesis that whether materials do indeed have 
any effect on the machinability rating designated by the 
response obtained from each machinability test. Since the 
number of observations for each material was relatively 
large, in the slot milling test was about 48, the IMSL 
subroutine for ANOVA test was utilized. This was performed 
on CYBER mainframe computer system. Having determined that 
there are differences between the materials, the next job is 
to rank them in an ascending order of difficulty to machine" 
This is normally done by utilizing one of the following 
methods: 
a. Tukey's studentized range test 
b. Duncan's multiple range test 
TOKEY'S STUDENTIZED RANGE TEST 
The difference in the means of two different treatments 
(or materials) can be quantified by confidence interval by 
the following equation: 
Y. - Y. 
1 J 
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-Y. 
1 
-Y. 
J 
+ I(. 
qr-r(n--1) 8 , rn 
Equation 1 can be used to establish the confidence intervals 
by comparing the highest mean value with the smaller ones. 
Having established the confidence intervals then one can 
make statements based on this simultaneous statistical 
inference procedure. For any interval not containing zero 
the paired mean values are inferred to be different, with 
the direction of difference given by the sample values. 
Otherwise for paired mean values that include zero, it has 
to be inferred as that the material are not different from 
each other. 
DUNCAN'S MULTIPLE RANGE TEST 
Duncan's multiple range test is applied for equal range 
test, like Tukey's test and the means of the response of the 
materials are arranged in the ascending order. The standard 
error of each mean is determined as follows: 
where, 
MSe 
n 
. 
• 
-
- /Mse I n (2) 
Mean squared error within tretments 
Number of observations for each treatment 
From Duncan's table of significant ranges, the r {p,f), for 
p = 2,3, •••• ,a where is the significance level and f is 
the degrees of freedom for error, is calculated. •a• refers 
to the number of treatments (or materials for the present 
case). These ranges are converted into a set of •a-1" least 
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• 
significant ranges Rp for p • 2,3, ... a by calculating 
Rp 
-
r (p, f) s for p • 2,3 ..•• a (3) 
Then the observed ranges between the means are tested, 
begining with the largest versus smallest which would be 
compared with the least significant range Ra. Then the range 
of the largest and the second smallest is computed and 
compared with the least significant range Ra-1. These 
comparisons are continued until all the means have been 
compared with the largest mean. 
The range of the second largest mean and the smallest 
are computed and compared against the least significant 
range Ra-1. This process is continued until all the pairs of 
means have been considered. When an observed range is 
greater than the corresponding least significant range, then 
the pairs of means in question can be concluded to be 
significantly different. The process of using these two 
methods is elaborated in the appendix 2 with some numerical 
values. 
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~BAPTBR 2 
PQlfER BAClSAlf TBST 
• 
The objective of Power Hacksaw Test is to investiga
te 
into the potential of using this test fo
r screening the free 
-machining stainless steels and as a qua
lity control test to 
determine the consistency of f ree-rn
achining stainless 
steels. The literature review [22-28] reveals t
hat Constant 
Feed Force or Constant Pressure has been
 used as a means to 
characterize the machinability of materi
als. But nothing has 
been reported to the effect of usi
ng this test for 
machinability evaluation of stainless ste
els. 
All tests were carried out on a draw cut
 type Marvel i 
2 machine. The blades were made of M42 m
aterial and was 17 
inches in length, 1 inch in width 
and 0.050 inch in 
thickness. It had 24 teeth per inch. 
The Power Hack saw that was used for th
e current test 
had only one speed and there was no pro
vision for changing 
the feed pressure. The experiments were 
conducted with new 
blades for each of the eight materials. K
eeping the overhang 
of the material at a constant length, ea
ch material was cut 
into coupons of 1 inch. Atleast about 1
5 coupons were cut 
from each material and the time.taken to 
cut each coupon was 
taken as an indicator of the machinabili
ty of each material. 
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Table 2 presents the data that has been obtained for 
the eight materials under the same cutting conditions. The 
number of stokes could not be chosen as the indicator 
because it took more than 100 stokes to cut one coupon and 
also it became difficult to keep the exact count of number 
of stokes. So it was decided to use the time taken to cut 
each coupon as the best indiactor to asess the machinability 
of each material. Table 2 also reveals that the average time 
taken for each material give a good indication of the 
machinability of the eight materials. The variances for each 
material was within 3 to 6% of the mean. 
ANOVA, given in Table 3, indicates that the change in 
material specification has a significant contribution (at a 
99% confidence) to the time taken to cut one coupon. When 
one uses Duncan's multiple range and Tukey's studentized 
range tests for the Power Hacksaw Test, then the eight 
materials can be ranked as given in Tables 4a and 4b. The 
order of ranking will be compared with that of Automatic 
Srew/Bar machine rankings in Chapter 8. 
Thus it has been shown that it is possible to classify 
or screen materials by Power Hacksaw Test. But the results 
provided by this test. is not reliable as the vibration of 
the machine would have affected the time taken to cut a 
single coupon and accurate control of the bar overhang was 
27 
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TABLE 3 
ANOVA FOR POWER HACKSAW TEST DATA 
-----------------------~----------
DEGREES OF FREEDOM FOR AMONG GROUPS 
DEGREES OF FREEDOM FOR WITHIN GROUPS 
TOTAL (CORRECTED) DEGREES OF FREEDOM 
SUM OF SQUARES FOR AMONG GROUPS 
SUM OF SQUARES FOR WITHIN GROUPS /.• 
TOTAL (CORRECTED) SUM OF SQUARES 
AMONG - GROUPS MEAN SQUARE 
WITHIN- GROUPS MEAN SQUARE 
F - STATISTIC 
' 
.... ., ... 
7.00 
108.00 
115.00 
132078.54 
2599.35 
134677.89 
18868.36 
24.07 
783.96 
Mi-Mj-6.49 
------------
\ 
90.96 
87.68 
85.49 
83.69 
81.68 
74.55 
20.13 
64.34 
61.06 
58.87 
57.07 
55.06 
47.93 
9.92 
6.64 
4.45 
2.65 
0.64 
2.79 
-0.49 
-2.68 
-4.48 
TABLE 4A 
TUKEY'S STUDENT RANGE TEST FOR HACKSAW 
------------------------------------
CODE 
-------
BLUE 
YELLOW 
GOLD 
BONG 
GREEN 
ORANGE 
316Y/BL 
3160/BL 
< 3160/BL 
< 3160/BL 
< 3160/BL 
< 3160/BL 
< 3160/BL 
< 3160/BL 
< 3160/BL 
< 316Y/BL 
< 316Y/BL 
< 316Y/BL 
< 316Y/BL 
< 316Y/BL 
< 316Y/BL 
-
< ORANGE 
< ORANGE 
< ORANGE 
< ORANGE 
< ORANGE 
< GREEN 
< GREEN 
< .GREEN 
< GREEN 
MEAN 
-------
69.86 
73.14 
75.33 
77.13 
79.14 
86.27 
140.69 
167.31 
Mi - Mj 
-------
vs BLUE 
vs YELLOW 
vs GOLD 
vs BONG 
vs GREEN 
vs ORANGE 
vs 316Y/BL 
vs BLUE 
vs YELLOW 
vs GOLD 
vs BONG 
vs GREEN 
vs ORANGE 
vs BLUE 
vs YELLOW 
vs GOLD 
vs BONG 
vs GREEN 
VS BLUE 
VS YELLOW 
VS GOLD 
VS BONG 
30 
I 
STD.DEV. 
--------
4.49 
1.96 
3.68 
3.62 
1.75 
4.18 
5.59 
9.84 
< 
< 
< 
< 
< 
< 
< 
< 
< 
< 
< 
< 
< 
·< 
< 
< 
< 
< 
< 
< 
< 
< 
Mi-Mj+6.49 
----------
103.94 
100.66 
98.47 
96.67 
94.66 
87.53 
33.11 
77.32 
74.04 
71.85 
70.05 
68.04 
60.91 
22.90 
19.62 
17.43 
15.63 
13.62 
15.77 
12.49 
10.30 
8.50 
• 
0.78 
-2.50 
-4.69 
-1.02 
-4.30 
-3.21 
< BONG 
< BONG 
< BONG 
< GOLD 
< GOLD 
< YELLOW 
VS BLUE 
VS ~ YELLOW 
VS GOLD 
VS BLUE 
VS YELLOW 
VS BLUE 
3-1 
< 
< 
< 
< 
< 
< 
13.76 
10.48 
8.29 
11.96 
8.68 
9.77 
I 
• 
TABLE 4B 
DUNCAN MULTIPLE TEST FOR HACKSAW 
--------------------------------
CODE 
-----
BLUE 
YELLOW 
GOLD 
BONG 
GREEN 
ORANGE 
316Y/BL 
3160/BL 
STANDARD ERROR 
OF EACH MEAN 
Rp= ra(p,f)Syi 
R2 --
R3 --
R4 --
R5 --
R6 -
R7 --
RS -
COMPARING. 
3160/BL vs 
3160/BL vs 
3160/BL vs 
3160/BL vs 
3160/BL vs 
3160/BL vs 
3160/BL vs 
316Y/BL vs 
316Y/BL vs 
316Y/BL vs 
316Y/BL vs 
316Y/BL vs 
316Y/BL vs 
MEAN 
-------
69.86 
73.14 
75.33 
77.13 
79.14 
86.27 
140.69 
167. 31 
I 
=Syi. 
6.33 
6.61 
6.79 
6.93 
7.03 
7.12 
7.20 
BLUE 
YELLOW 
GOLD 
BONG 
GREEN 
ORANGE 
316Y/BL 
BLUE 
YELLOW 
.GOLD 
BONG 
GREEN 
ORANGE 
q 
-
-
1.74 
- 97.45 
- 94.17 
-
- 91.98 
- 90.18 
- 88.17 
- 81.04 
- 26.62 
- 70.83 
-
67.55 
-
65.36 
- 63.56 
- 61.55 
-
-
54.42 
32 
STD.DEV. 
--------
4.49 
1.96 
3.68 
3.62 
1. 75 
4.19 
5.59 
9.84 
r(2,97)= 
r(3,97)= 
r(4,97)= 
r(5,97)= 
r(6,97)= 
r(7,97)= 
r(S,97)= 
> 
> 
> 
> 
> 
> 
< 
> 
> 
> 
> 
> 
> 
3.64 
3.80 
3.90 
3.98 
4.04 
4.09 
4.14 
7.20 
7.12 
7.03 
6.93 
6.79 
6.61 
6.33 
7.12 
7.03 
6.93 
6.79 
6.61 
6.33 , 
ORANGE 
ORANGE 
ORANGE 
ORANGE 
ORANGE 
GREEN 
GREEN 
GREEN 
GREEN 
BONG 
BONG 
BONG 
GOLD 
GOLD 
YELLOW 
VS BLUE 
VS YELLOW 
VS GOLD 
VS BONG 
VS GREEN 
VS BLUE 
VS YELLOW 
VS GOLD 
VS BONG 
VS BLUE 
VS YELLOW 
VS GOLD 
VS BLUE 
VS YELLOW 
VS BLUE 
-
= 
= 
-= 
= 
:a: 
-
-
-
-
-
-
-
-
-
-
-
-
-
-
3-3 
16.41 
13.13 
10.94 
9.14 
7.13 
9.28 
6.00 
3.81 
2.01 
7.27 
3.99 
1.80 
5.47 
2.19 
3.28 
< 
< 
< 
< 
< 
< 
< 
< 
< 
< 
< 
< 
< 
< 
< 
7.03 
6.93 
6.79 
6.61 
6.33 
6.93 
6.79 
6.61 
6.33 
6.79 
6.61 
6.33 
6.61 
6.33 
6.33 
not possible. Hence a high degree of repeatability could not 
be obtained with this Power Hacksaw set-up. For this reason, 
Power Bandsaw which also operates on the constant feed force 
or constant pressure principle has been tried to determine 
its applicability for using as a short term screening test 
and this is reported in the next chapter. 
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CHAPTER! 
' POWER BANDSAW TEST 
The Power Bandsaw Test works on the same constant feed 
force or constant pressure principle. The work material 
would be the dominant factor to the output of Power Bandsaw 
Test in terms of blade wear, cutting time, etc. Some of the 
drawbacks inherent in Power Hacksaw in terms of rigidity of 
the machine and inaccurate control of the bar overhang can 
be overcome in Power Bandsaw. 
All the tests were conducted on the KALAMZOO 9A Power 
Band Saw and this machine has provisions for four blade 
speeds of 50, 95, 160 and 275 surface feet per minute. The 
constant feed force was controlled by the counter balance 
springs located at the rear of the machine. Pre-tension of 
t h es e s p r i n g s i s, c on t r o 11 e d w i t h a s m a 11 h a n d w h e e 1 
providing a proper and easily adjustable feed pressure. All 
the materials were cut dry to avoid the possibility of 
int rod uc ing one more variable in to the mac h inab i 1 i ty 
evaluation process. The blade that was used had M42 teeth 
welded on to a special bimetallic rnaterial.\~he blade was 1 
inch in width, 0.35 inch in thickness and had 10 teeth per 
inch. 
For the present test, the Bandsaw was run at the 
35 
slowest speed of 50 surface feet per minute. This was 
selected such that all the eight different materials can be 
differentiated very easily. As in the case of Power Hacksaw 
Test, the time taken to cut a single coupon was taken as an 
indicator of the machinability of Stainless Steel materials. 
The coupon was of 4 inches in length and can be used as the 
bar material for the Slot Milling Test. Before cutting any 
material, it was made sure that the blades were run at the 
same tens ion. 
Table 5 presents the obtained data at a pressure of 14 
pounds. The mean value of time taken to cut bar from each 
material along with its variances are given in Table 5. This / --r 
c 1 ear 1 y shows that the effect of rn ate r~i a 1 on the 
' 
machinability rating can be identified by this test 
procedure. A small standard deviation indicates that the 
variability is of very small order of magnitude. To prove 
this hypothesis, ANOVA was performed for the data that was 
collected with this Power Bandsaw Test. Table 6 provides us 
with ANOVA test, which clearly indicates (at 99% Confidence 
level) the contribution of the materials to the 
machinability rating. 
The eight materials were ranked based on Power Bandsaw 
/ Test by utilizing the Duncan's and Tukey's range tests and 
the result is given in Tables ·7a and 7b. Hence it can be 
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TABLE 5 
POWER BANDSAW TEST DATA 
_J MATERIALS 
GOLD BONG ORANGE GREEN YELLOW BLUE O ON BLUE YON BLUE 
1 23 20 19 23 25 21 38 ,, .J I 
., 23 20 23 20 25 23 41 39 I.. 
7 ., "') 20 ·20 20 24 22 43 40 ..J '- L 
4 ,,, 20 21 22 24 22 40 40 
'- ' 
5 .21 "') "1 22 20 21 "') "') 41 41 '- J t._ I. 
6 
., ,, 21 20 23 21 22 41 41 
''-
7 21 21 22 22 "11 23 41 39 '- '-
8 22 21 21 20 21 21 41 41 
TIME TAKEN 9 20 19 11 21 20 .., , 41 40 L _J LL 
ro CUT (sec) 10 20 2' 1 , ., 21 ...... 21 44 40 ' ' '- '- ~, 
1 1 20 , ., 24 21 20 , ., 4-2 41 L. J 
'- ' 
12 20 20 24 21 24 21 42 41 
13 20 21 ..... "'), 42 41 L ..J '- ! 
14 42 
15 41 
16 
HE.AN 21. 23 20. 77 21.7S 21. 31 22.42 21. 77 41 . 31 40.2i 
_STD. DEV. l. L2 1.12 1.53 1 . 14 1. BO 0.70 l. 38 l . 18 
3"l 
1 
2 
3 
4 
5 
6 
7 
8 
9 
TABLE 6 
ANOVA FOR POWER BANDSAW TEST DATA 
---------------------------
------
DEGREES OF FREEDOM FOR AMONG GROUPS 
DEGREES OF FREEDOM FOR WITHIN GROUPS 
TOTAL (CORRECTED) DEGREES OF FREEDOM 
SUM OF SQUARES FOR AMONG GROUPS 
SUM OF SQUARES FOR WITHIN GROUPS 
TOTAL (CORRECTED) SUM OF SQUARES 
AMONG - GROUPS MEAN SQUARE 
WITHIN- GROUPS MEAN SQUARE 
F - STATISTIC 
38 
7.00 
96.00 
103.00 
7589.20 
168.56 
7757.76 
1084.17 
1.76 
617.46 
Mi-Mj-1.88 
------------
18.66 
18.20 
18.12 
17.68 
17.66 
17.01 
-0.84 
17.62 
17.16 
17.08 
16.64 
16.62 
15.97 
-0.23 
-0.69 
-0.77 
-1.21 
-1.23 
-0.88 
-1.34 
-1.42 
-1.86 
TABLE 7A 
TUKEY'S STUDENT RANGE TEST FOR BANDSAW 
--------------------------------------
CODE 
-------
BONG 
GOLD 
GREEN 
ORANGE 
BLUE 
YELLOW 
316Y/BL 
3160/BL 
< 
< 
< 
< 
< 
< 
< 
< 
< 
< 
< 
< 
< 
< 
< 
< 
< 
< 
< 
< 
< 
< 
3160/BL 
3160/BL 
3160/BL 
3160/BL 
3160/BL 
3160/BL 
3160/BL 
316Y/BL 
316Y/BL 
316Y/BL 
316Y/BL 
316Y/BL 
316Y/BL 
YELLOW 
YELLOW 
YELLOW 
YELLOW 
YELLOW 
BLUE 
BLUE 
BLUE 
BLUE 
MEAN 
---------
20.77 
21.23 
21.31 
21.75 
21.77 
22.42 
40.27 
41. 31 
Mi - Mj 
-------
vs 
vs 
vs 
vs 
vs 
vs 
vs 
vs 
vs 
vs 
vs 
vs 
vs 
vs 
vs 
vs 
vs 
vs 
vs 
vs 
vs 
vs 
39 
BONG 
GOLD 
GREEN 
ORANGE 
BLUE 
YELLOW 
316Y/BL 
BONG 
GOLD 
GREEN 
ORANGE 
BLUE 
YELLOW 
BONG 
GOLD 
GREEN 
ORANGE 
BLUE 
BONG 
GOLD 
GREEN 
ORANGE 
STD.DEV. 
--------
1.17 
1.17 
1.18 
1.60 
0.73 
1.88 
1.22 
1.44 
< 
< 
< 
< 
< 
< 
< 
< 
< 
< 
< 
< 
< 
< 
< 
< 
< 
< 
< 
< 
< 
< 
Mi-Mj+l.8 
---------
22.42 
21.96 
21. 88 
21.44 
21.42 
20.77 
2.92 
21. 38 
20.92 
20.84 
20.40 
20.38 
19.73 
3.53 
3.07 
2.99 
2.55 
2.53 
2.88 
2.42 
2.34 
1.90 
-0.90 
-1.36 
-1.44 
-1.34 
-1.80 
-1.42 
... 
< ORANGE 
< ORANGE 
< ORANGE 
< GREEN 
< GREEN 
< GOLD 
vs 
vs 
vs 
vs 
vs 
vs 
BONG 
GOLD 
GREEN 
BONG 
GOLD 
BONG 
/ 
< 
< 
< 
< 
< 
< 
r 
I 
\ 
\., 
2.86 
2.40 
2,32 
2.42 
1.96 
2.34 
" - - ·=-· -· . --·-· -- -·~·=,- - .. 
• 
TABLE 7B 
DUNCAN MULTIPLE TEST FOR BANDSAW 
--------------------------------
CODE MEAN STD.DEV. 
----- ------- --------
BONG 20.77 1.17 
GOLD 21.23 1.17 
GREEN 21.31 1.18 
ORANGE 21.75 1.60 
BLUE 21.77 0.73 
YELLOW 22.42 1.88 
316Y/BL 40.27 1.22 
3160/BL 41.31 1.44 
STANDARD ERROR I 0.47 =Sy1. = 
OF EACH MEAN 
Rp= ra(p,f)Syi 
R2 - 1.74 r(2,97)= 3.71 -
R3 - 1.81 r(3,97)= 3.86 -
R4 - 1.87 r(4,97)= 3.98 
R5 - 1.91 r(5,97)= 4.06 -
R6 - 1.93 r(6,97)= 4.11 -
R7 - 1.96 r(7,97)= 4.17 -
RS - 1.98 r(8,97)= 4.21 -
COMPARING 
3160/BL vs BONG - 20.54 > 1.98 -
3160/BL vs GOLD - 20.08 > 1.96 -
3160/BL vs GREEN - 20.00 > 1.93 -
3160/BL vs ORANGE - 19.56 > 1·. 91 -
3160/BL / vs BLUE - 19.54 > 1.87 -
3160/BL vs YELLOW - 18.89 > 1.81 
3160/BL vs 316Y/BL - 1.04 < 1.74 
.. 316Y/BL vs BONG = 19.50 > 1.96 
316Y/BL vs GOLD - 19.04 > 1.93 -
316Y/BL vs GREEN - 18.96 > 1.91 
316Y/BL vs ORANGE - 18.52 > 1.87 
316Y/BL vs BLUE - 18.50 > 1. 81 
3I6Y/BL vs YELLOW - 17.85 > 1.74 . 
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YELLOW 
YELLOW 
YELLOW 
YELLOW 
YELLOW 
BLUE 
BLUE 
BLUE 
BLUE 
ORANGE 
ORANGE 
ORANGE 
GREEN 
GREEN 
GOLD 
VS BONG 
VS GOLD 
VS GREEN 
VS ORANGE 
VS BLUE 
VS BONG 
VS GOLD 
VS GREEN 
VS ORANGE 
VS BONG 
VS GOLD 
VS GREEN 
VS BONG 
VS GOLD 
VS BONG 
= 
m 
-
-
= 
-
-
-
-
-
= 
-
-
-
-
-
-
-
42 
1.65 
1.19 
1.11 
0.67 
0.65 
1.00 
0.54 
0. 46 
0.02 
0.98 
0.52 
0.44 
0.54 
0.08 
0.46 
< 
< 
< 
< 
< 
< 
< 
< 
< 
< 
< 
< 
< 
< 
< 
1.93 
1.91 
1.87 
1.81 
1.74 
1.91 
1.87 
1.81 
1.74 
1.87 
1.81 
1.74 
1.81 
1.74 
1.74 
concluded that the Power Band Saw can be used as a screening 
test. To identify its repeatability and comparison with 
other tests, more experiments were conducted and these 
results are reported in Chapter 8. 
4.3 
l ) 
CHAPTER 1 
SLOT MILLING TEST 
The Slot Milling Test was selected to utilize the 
interaction of High Speed Steel (HSS) tool material with the 
free-machining stainless steels and the dimensional 
stability of machined slots was used as an indicator for the 
classification of materials. The test is of intermittent 
type as that of Automatic Screw/Bar test. As surface finish 
and size accuracy are considered as an indicator to assess 
machinability in the case of Automatic Screw/Bar test, Slot 
Milling Test will utilize the dimensional stability of 
machined slots to characterise the stainless steels. 
All the tests were performed on a Cincinnati horizontal 
' milling machine. The cutting tools were HSS (M7) double-
ended end mills with R.H. cut, R.H. helix, 3/8 inch (9.5 
mm) diameter end mill and shank, and had two flutes. They 
were manufactured by the Weldon Tool Company. The 3/8 irich 
diameter was selected for less material consumption and 
measuring device cost. 
The measur 1ing device was a Mitutoyo 526-122 b<ore gauge 
with a range of 0.3 to 0.4 inches (7.62 to 10.16 mm). It is 
very simple to us.e because of its simplicity and provides a 
1/10,000 inch accuracy. All the materials were cut dry to 
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avoid any interaction due to cutting fluids. The tool 
overhang was kept constant throughout the experimants. While 
cutting the 316 series materials, the tools dulled fast and 
led to catastrophic failures even at the start of the cut 
itself. So the two types of 316 stainless steel materials 
were excluded from further evaluation by Slot Milling Test. 
Four inch (101.6 mm) long bars which were obtained from 
Power Bandsaw Test and milled at the following cutting 
condition: 
Cutting Speed 
Feed per tooth 
Axial depth 
62.34 sfprn at 635 rpm 
0.0018 in./tooth 
4.625 in./rnin. 
0.1875 • 1n. 
The axial depth was kept constant for all the materials. The 
slot width was measured for all the materials and the mean 
along with standard deviation are reported in Table 8. The 
mean of slot width from zero values are given in terms of 
1/10,000 of an inch. The standard deviations for six 
materials indicate the variability in the data and the cause 
for this variability is explained in Chapter 8. The ANOVA of 
Slot Width (presented in Table 9) for the six materials 
indicate the influence of material on its rnachinability at 
99% confidence level. The materials have been ranked by 
utilizing Duncan's multiple range and Tukey's student range 
tests and are given in Tables 9, 10a and 10b. 
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TABLE 8 
MEAN AND STANDARD DEVIATION FOR MILLING TEST DATA 
---------------------------------------------------
CODE 
-------
ORANGE 
YELLOW 
BONG 
GREEN 
BLUE 
GOLD 
MEAN 
-------
-0.13 
3.50 
5.75 
6.42 
6.65 
8.35 
' (/ 
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STD.DEV. 
--------
1.86 
1.87 
2.40 
1.71 
1.68 
2.41 
1 
2 
3 
4 
5 
6 
7 
8 
9 
TABLE 9 
ANOVA FOR SLOT MILLING TEST DATA 
---------------------------------
DEGREES OF FREEDOM FOR AMONG GROUPS 
DEGREES OF FREEDOM FOR WITHIN GROUPS 
TOTAL (CORRECTED) DEGREES OF FREEDOM 
SUM OF SQUARES FOR AMONG GROUPS 
SUM OF SQUARES FOR WITHIN GROUPS 
TOTAL (CORRECTED) SUM OF SQUARES 
AMONG - GROUPS MEAN SQUARE 
WITHIN- GROUPS MEAN SQUARE 
F - STATISTIC 
4-7 
5.00 
282.00 
287.00 
2156.62 
1159.85 
3316.47 
431.32 
4.11 
104.87 
• 
Mi-Mj-1.39 
------------
7.09 
3.46 
1.21 
0.54 
0.31 
5.39 
1.76 
-0.49 
-1.16 
5.16 
1.53 
-0.72 
4.49 
0.86 
2.24 
TABLE lOA 
TUKEY'S STUDENT RANGE TEST FOR MILLING TEST 
--------------------------------------------
CODE 
-------
ORANGE 
YELLOW 
BONG 
GREEN 
BLUE 
GOLD 
< GOLD 
< GOLD 
< GOLD 
< GOLD 
< GOLD 
< BLUE 
< BLUE 
< BLUE 
< BLUE 
< GREEN 
< GREEN 
< GREEN 
< BONG 
< BONG 
< YELLOW 
MEAN 
-------
-0.13 
3.50 
5.75 
6.42 
6.65 
8.35 
Mi - Mj 
-------
VS ORANGE 
VS YELLOW 
VS BONG 
VS GREEN 
VS BLUE 
VS ORANGE 
VS YELLOW 
VS BONG 
VS GREEN 
VS ORANGE 
VS YELLOW 
VS BONG 
VS ORANGE 
VS YELLOW 
vs ORANGE 
·4S 
STD.DEV. 
--------
1.86 
1.87 
2.40 
1.71 
1.68 
2.41 
Mi-Mj+l.39 
< 
< 
< 
< 
< 
< 
< 
< 
< 
< 
< 
< 
< 
< 
< 
----------
9.87 
6.24 
3.99 
3.32 
3.09 
8.17 
4.54 
2.29 
1.62 
7.94 
4.31 
2.06 
7.27 
3.64 
5.02 
.. 
\. 
• 
TABLE lOB 
DUNCAN MULTIPLE TEST FOR SLOT MILLING 
--------------------------------------
CODE 
--------
ORANGE 
YELLOW 
BONG 
GREEN 
BLUE 
GOLD 
MEAN 
-----
-0.13 
3.50 
5.75 
6.42 
6.65 
8.35 
STANDARD ERROR 
STANDARD ERROR =Syi. 
OF EACH MEAN 
Rp= ra(p,f)Syi 
COMPARING 
GOLD 
GOLD 
GOLD 
GOLD 
GOLD 
BLUE 
BLUE 
BLUE 
BLUE 
R2 - 2.30 -
R3 - 2.42 
R4 - 2.51 
-
R5 - 2.56 
-
R6 - \ 2.61 -
vs ORANGE 
vs YELLOW 
vs BONG 
vs GREEN 
vs BLUE 
VS ORANGE 
VS YELLOW 
VS BONG 
VS GREEN 
-
- 0.83 
- 8.48 -
- 4.85 -
- 2.60 
-
- 1.93 -
- 1.70 -
- 6.78 -
- 3.15 
-
- 0.90 
- 0.23 
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STD.DEV. 
--------
1.86 
1.87 
2.40 
1.71 
1.68 
2.41 
r(2,282)=2.77 
r(3,282)=2.92 
r(4,282)==3.02 
r(5,282)=3.09 
r(6,282)=3.15 
> 
> 
> 
> 
< 
> 
> 
< 
< 
2.61 
2.56 
2.51 
2.42 
2.30 
2.56 
2.51 
2.42 
2.30 
GREEN 
GREEN 
GREEN 
BONG 
BONG 
YELLOW 
VS ORANGE 
VS YELLOW 
VS BONG 
VS ORANGE 
VS YELLOW 
VS ORANGE 
-
-
-
-
-
-
-
-
5,0 
6.55 
2.92 
0.67 
5.88 
2.25 
3.63 
> 
> 
< 
> 
< 
> 
2.51 
2.42 
2.30 
2.42 
2.30 
2.30 
• 
' 
' .. 
• 
CHAPTER! 
RESULTS, CONCLUSIONS AND RECOMMENDATIONS 
The ranking for the eight materials obtained from 
preliminary experiments with Power'-..Hacksaw, Power Bandsaw 
and Slot Milling Tests is given in Table 11. This shows that 
the rankings obtained from the Power Hacksaw, Power Bandsaw 
and Slot Milling Tests are different. This was reported in 
the literatures [7, 14] for other types of steels. 
To understand whether the feed pressure in Power Band 
Saw or feed rate in Slot Milling would have any effect on 
the machinability ranking order, three different feed rates 
and pressures were chosen. When the materials were milled at 
9.875 inches per minute, the flutes were getting dulled 
pretty quickly leading to catastrophic tool failure. For 
this reason, all the Slot Milling tests were conducted at 
2.125 inches per minute and 4.625 inches per minute. On the 
other hand, due to limitations posed by the Power Bandsaw 
machine the feed pressure or force values had to be 
restricted to 14, 16 and 18 lbs. 
The responses (or output) from these tests were subjected 
to statistical analysis and are reported in Tables 12 to 22. 
Table 12 reveals that change in feed pressure has a 
significant effect (at 95% confidence level) only on five of 
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TABLE 12 
ANOVA FOR POWER BANDSAW TEST DATA (EFFECT DUE TO DIFFERENT FEED PRESSURES) 
MATERIAL: 
CALCULATED F: 
MATERIAL: 
CALCULATED F: 
MATERIAL: 
CALCULATED F: 
MATERIAL: 
CALCULATED F: 
MATERIAL: 
CALCULATED F: 
MATERIAL: 
CALCULATED F: 
MATERIAL: 
CALCULATED F: 
MATERIAL: 
CALCULATED F: 
303 ORANGE 
3.133 
303 GREEN 
8.679 
303 BLUE 
4.164 
303 YELLOW 
0.297 
416 GOLD 
14.327 
416 BONG 
1.062 
316 OONB 
6.984 
316 YONB 
22.454 
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THEORETICAL F: 
THEORETICAL F: 
THEORETICAL F: 
THEORETICAL F: 
THEORETICAL F: 
~ 
THEORETICAL F: 
THEORETICAL F: 
THEORE·TICAL F: 
3.35 
3.35 
3.34 
3.35 
3.35 
3.35 
3.35 
3.35 
of the eight materials. It appears that 16 lbs. may provide 
the best constant feed pressure for machinability ranking of 
Stainless Steel materials. Tukey's and Duncan's multiple 
range test results for different feed pressures are given in 
Tables 14a, 14b, 14c, 15a,15b and 15c. The ranking orders 
are summarized in Table 21. 
In Slot Milling, the change in feed rate's significant 
effect on the response provided by the material is reflected 
in Table 17. The feed rate of 2.125 inches per minute 
provides better response for the materials as shown in Table 
18. Tukey's and Duncan's multiple range test analysis was 
performed on the Slot Milling data and results are given in 
Tables 19a, 19b, 20a and 20b. The ranking of machinability 
obtained at 2.125 inches per minute and 4.625 inches per 
minute are given in Table 22. A high standard deviation in 
tables 19 and 20 indicates the large variability in the 
slot measurements. This is probabally due to the 
measurements obtained from the current instrument. 
The ranking provided by Slot~~Milling test at 4.625 
inches per minute agrees quite well with that of Automatic 
Screw/Bar machine test results (ordered in Table 1). Since 
no statistical analysis such as Tukey's or Duncan's multiple 
range test was performed on the Automatic Screw/Bar test 
results, no correlations could be established between the 
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tests that were used for the present
 study and Automatic 
Screw/Bar test. 
The following significant conclu
sions are worth 
mentioning: 
a. Machinability ranking varies with
 the test that is 
being used to assess them. 
b. Although Power Hacksaw Test could
 differentiate 
the materials, it is not accurate due 
to the 
inability to maintain the overhang of 
the test 
bar at a constant level. 
c. It has been found that Power Band
saw Test can 
differentiate the materials well at a 
constant 
~ 
feed pressure of 16 lbs. 
d. In Slot Milling Test, the inabili
ty to machine 
the materials at 9.625 inches per minu
te was 
observed. The ranking of materials obt
ained from 
Slot Milling Test at 4.625 inches per m
inute 
compares very well with that of Autom
atic Screw/ 
Bar results. 
.. 
e. Thus the present study has succes
sfully demonstr-
ated the possibility of using Power Ba
ndsaw or 
Slot Milling Tests as a short term scr
eening test 
for Free-Machining Stainless steels. 
The dynamic 
metal cutting analysis by Data Depende
nt Systems 
methodology should be tested on these 
materials 
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before any decision pertaining to the 
implementation of any of these tests at Carpenter 
Technology is being made. 
The following areas need to be addressed as a follow-up 
of this preliminary investigation: 
a • For accurate control in terms of the rate at which 
the material is being fed into the tool, the poss-
ibility of using CNC Bridgeport for the Slot 
Milling Test should be tried. 
b. Surface roughness of the machined slots should be 
also used in the machinability analysis of mater-
ials. 
c. The dynamic analysis of turning process should be 
conducted to understand the machining behavior of 
Stainless steel materials and use this for ranking 
the materials. 
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TABLE 13 
ANOVA FOR POWER BANDSAW TEST DATA 
(EFFECT DUE TO MATERIAL AT DIFFERENT FEED PRESSURES) 
FEED PRESSURE: 
CALCULATED F: 
FEED PRESSURE: 
CALCULATED F: 
FEED PRESSURE: 
CALCULATED F: 
14 lbs 
474.64 
16 lbs 
1390.6 
18 lbs 
984.16 
,5 7 
THEORETICAL F: 
THEORETICAL F: 
THEORETICAL F: 
( 
2.09 
2.09 
2.09 
Mi-Mj-2.26 
------------
20.74 
20.44 
18.14 
17.94 
17.34 
16.54 
-1.76 
20.24 
19.94 
17.64 
17.44 
16.84 
16.04 
1.94 
1.64 
-0.66 
-0.86 
-1.46 
1.14 
0.84 
-1.46 
-1.66 
TABLE 14A 
TUKEY'S STUDENT RANGE TEST FOR BANDSAW TEST AT 14 lbs 
-----------------------------------------------------
CODE 
-------
BLUE 
ORANGE 
GOLD 
YELLOW 
BONG 
GREEN 
3160/BL 
316Y/BL 
< 
< 
< 
< 
< 
< 
< 
< 
< 
< 
< 
< 
< 
< 
< 
< 
< 
< 
< 
< 
< 
< 
316Y/BL 
316Y/BL 
316Y/BL 
316Y/BL 
316Y/BL 
316Y/BL 
316Y/BL 
3160/BL 
3160/BL 
3160/BL 
3160/BL 
3160/BL 
3160/BL 
GREEN 
GREEN 
GREEN 
GREEN 
GREEN 
BONG 
BONG 
BONG 
BONG 
MEAN 
------
18.60 
18.90 
21.20 
21.40 
22.00 
22.80 
41.10 
41.60 
Mi - Mj 
-------
vs BLUE 
vs ORANGE 
vs GOLD 
vs YELLOW 
vs BONG 
vs GREEN 
vs 3160/BL 
vs BLUE 
vs ORANGE 
vs GOLD 
vs YELLOW 
vs BONG 
vs GREEN 
vs BLUE 
vs ORANGE 
vs GOLD 
vs YELLOW 
vs BONG 
VS BLUE 
VS ORANGE 
VS GOLD 
VS YELLOW 
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STD.DEV. 
--------
1.17 
1.10 
1.03 
2.12 
1.05 
0.63 
1.85 
1.58 
< 
< 
< 
< 
< 
< 
< 
< 
< 
< 
< 
< 
< 
< 
< 
< 
< 
< 
< 
< 
< 
< 
Mi-Mj+2.26 
----------
25.26 
24.96 
22.66 
22.46 
21.86 
21.06 
2.76 
24.76 
24.46 
22.16 
21.96 
21. 36 
20.56 
6.46 
6.16 
3.86 
3.66 
3.06 
5.66 
5.36 
3.06 
2.86 
.\ 
.... 
0.54 
0.24 
-2.06 
0.34 
0.04 
-1.96 
< YELLOW 
< YELLOW 
< YELLOW 
< GOLD 
< GOLD 
< ORANGE 
VS BLUE 
VS ORANGE 
VS GOLD 
VS BLUE 
VS ORANGE 
VS BLUE 
/· 
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< 
< 
< 
<-
< 
< 
5.06 
4.76 
2.46 
4.86 
4.56 
2.56 
I 
Mi-Mj-1.31 
------------
,, 
21.89 
21.69 
20.69 
20.49 
18.99 
18.39 
1.49 
19.09 
18.89 
17.89 
17.69 
16.19 
15.59 
2.19 
1.99 
0.99 
0.79 
-0.71 
1.59 
1.39 
0.39 
0.19 
TABLE l4B 
TUKEY'S STUDENT RANGE TEST FOR BANDSAW TEST AT 16 lbs 
-------------------------------------------------------
CODE 
-------
BLUE 
ORANGE 
GREEN 
YELLOW 
BONG 
GOLD 
316Y/BL 
3160/BL 
< 
< 
< 
< 
< 
< 
< 
< 
< 
< 
< 
< 
< 
< 
< 
< 
< 
< 
< 
< 
< 
< 
3160/BL 
3160/BL 
3160/BL 
3160/BL 
3160/BL 
3160/BL 
3160/BL 
316Y/BL 
316Y/BL 
316Y/BL 
316Y/BL 
316Y/BL 
316Y/BL 
GOLD 
GOLD 
GOLD 
GOLD 
GOLD 
BONG 
BONG 
BONG 
BONG 
MEAN 
-------
19.60 
19.80 
20.80 
21.00 
22.50 
23.10 
40.00 
42.80 
Mi - Mj 
-------
vs 
vs 
vs 
vs 
vs 
vs 
vs 
vs 
vs 
vs 
vs 
vs 
vs 
vs 
vs 
vs 
vs 
vs 
vs 
vs 
vs 
vs 
60 
BLUE 
ORANGE 
GREEN 
YELLOW 
BONG 
GOLD 
316Y/BL 
BLUE 
ORANGE 
GREEN 
YELLOW 
BONG 
GOLD 
BLUE. 
ORANGE 
GREEN 
YELLOW 
BONG 
BLUE 
ORANGE 
GREEN 
YELLOW 
STD.DEV. 
--------
0.52 
0.79 
0.79 
0.67 
0.53 
0.73 
0.67 
1. 40 
< 
< 
< 
< 
< 
< 
< 
< 
< 
< 
< 
< 
< 
< 
< 
< 
< 
< 
< 
< 
< 
< 
Mi-Mj+l.31 
----------
24.51 
24.31 
23.31 
23.11 
21.61 
21.01 
4.11 
21.71 
21.51 
20.51 
20.31 
18.81 
18.21 
4.81 
4.61 
3.61 
3.41 
1.91 
4.21 
4.01 
3.01 
2.81 
/ 
I 
I ( 
I 
: 
0.09 
-0.11 
-1.11 
-0.11 
-0.31 
-1.11 
< YELLOW 
< YELLOW 
< YELLOW 
< GREEN 
< GREEN 
< ORANGE 
l 
VS BLUE 
VS ORANGE 
VS GREEN 
VS BLUE 
VS ORANGE 
VS BLUE 
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< 
< 
< 
<. 
< 
< 
.. 
-- . -- ~--··. 
2.71 
2.51 
1.51 
2.51 
2.31 
1.51 
Mi-Mj-1.42 
------------
19.78 
19.48 
17.98 
17.98 
17.08 
16.78 
0.48 
17.88 
17.58 
16.08 
16.08 
15.18 
14.88 
1.58 
1. 28 
' 
-0.22 
-0.22 
-1.12 
1.28 
0.98 
-0.52 
-0.52 
TABLE 14C 
TUKEY'S STUDENT RANGE TEST FOR BANDSAW TEST AT 18 lbs 
-----------------------------------------------------
CODE 
-------
ORANGE 
BLUE 
YELLOW 
GREEN 
GOLD 
BONG 
316Y/BL 
3160/BL 
< 
< 
< 
< 
< 
< 
< 
< 
< 
< 
< 
< 
< 
< 
,('. 
< 
< 
< 
< 
< 
< 
< 
3160/BL 
3160/BL 
3160/BL 
3160/BL 
3160/BL 
3160/BL 
3160/BL 
316Y/BL 
316Y/BL 
316Y/BL 
316Y/BL 
316Y/BL 
316Y/BL 
BONG 
BONG 
BONG 
BONG 
BONG 
GOLD 
GOLD 
GOLD 
GOLD 
MEAN 
------
19.20 
19.50 
21.00 
21.00 
21.90 
22.20 
38.50 
40.40 
Mi - Mj 
-------
vs ORANGE 
vs BLUE 
vs YELLOW 
vs GREEN 
vs GOLD 
vs BONG 
vs 316Y/BL 
vs ORANGE 
vs BLUE 
vs YELLOW 
vs GREEN 
vs GOLD 
vs BONG 
vs ORANGE 
Avs BLUE 
vs YELLOW 
vs GREEN 
vs GOLD 
VS ORANGE 
VS BLUE 
VS YELLOW 
VS GREEN 
6-2 
STD.DEV. 
--------
0.42 
0.85 
0.67 
1.63 
0.57 
0.63 
0.53 
1.07 
< 
< 
< 
< 
< 
< 
< 
< 
< 
< 
< 
< 
< 
< 
< 
< 
< 
< 
< 
< 
< 
<, 
Mi-Mj+l.42 
----------
22.62 
22.32 
20.82 
20.82 
19.92 
19.62 
3.32 
20.72 
20.42 
18.92 
18.92 
18.02 
17.72 
4.42 
4.12 
2.62 
2.62 
1.72 
4.12 
3.82 
2.32 
2.32 
1 
I 
0.38 
o.oe 
-1.42 
0.38 
0.08 
-1.12 
< GREEN 
< GREEN 
< GREEN 
< YELLOW 
< YELLOW 
< BLUE 
.. 
\ 
VS ORANGE 
VS BLUE 
VS YELLOW 
VS ORANGE 
VS BLUE 
VS ORANGE 
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< 
< 
< 
< 
< 
< 
3.22 
2.92 
1.42 
3.22 
2.92 
1.72 
.. 
• 
TABLE 15A 
DUNCAN MULTIPLE RANGE TEST FOR BANDSAW TEST AT 14 lbs 
----------------------------------------------------
CODE 
----------
BLUE 
ORANGE 
GOLD 
YELLOW 
BONG 
GREEN 
3160/BL 
316Y/BL 
MEAN 
-------
18.60 
18.90 
21.20 
21.40 
22.20 
22.80 
41.10 
41.60 
STANDARD ERROR =Syi. • 
OF EACH MEAN 
Rp= ra(p,f)Syi 
R2 - 1.83 -
R3 - 1.91 -
R4 - 1.96 -
RS - 2.00 
R6 - 2.03 -
R7 - 2.06 -
RB - 2.08 -
COMPARING 
316Y/BL vs BLUE 
316Y/BL vs ORANGE 
316Y/BL vs GOLD 
316Y/BL vs YELLOW 
316Y/BL vs BONG 
316Y/BL vs GREEN 
316Y/BL vs 3160/BL 
3160/BL vs BLUE 
3160/BL vs ORANGE 
3160/BL vs GOLD 
3160/BL vs YELLOW 
3160/BL vs BONG 
3160/BL vs GREEN 
0.4936 
- 23.00 -
- 22.70 -
- 20.40 -
= 20.20 
- 19.40 -
- 18.80 -
- 0.50 -
- 22.50 -
- 22.20 
- 19.90 -
- 19.70 -
- 18.90 
- 18.30 -
o4 
STD.DEV. 
--------
1.17 
1.10 
1.03 
2.12 
1.05 
0.63 
1.85 
1.58 
r(2,97)= 
r(3,97)= 
r(4,97)= 
r(S,97)= 
r(6,97)= 
r(7,97)= 
r(S,97)= 
> 
> 
> 
> 
> 
> 
< 
> 
> 
> 
> 
> 
> 
3.71 
3.86 
3.98 
4.06 
4.11 
4.17 
4.21 
2.08 
2.06 
2.03 
2.00 
1.96 
1.91 
1.83 
2.06 
2.03 
2.00 
1.96 
1.91 
1.83 
., 
I 
GREEN 
GREEN 
GREEN 
GREEN 
GREEN 
BONG 
BONG 
BONG 
BONG 
YELLOW 
YELLOW 
YELLOW 
GOLD 
GOLD 
ORANGE 
vs BLUE 
vs ORANGE 
vs GOLD 
vs YELLOW 
vs BONG 
VS BLUE 
VS ORANGE 
VS GOLD 
VS YELLOW 
VS BLUE 
VS ORANGE 
VS GOLD 
VS BLUE 
VS ORANGE 
VS BLUE 
-
-
-
-
-
-
= 
-
-
-
-
-
-
-
-
-
-
-
-
-
-
65 
4.20 
3.90 
1.60 
1.40 
0.60 
3.60 
3.30 
1.00 
a.so 
2.80 
2.50 
0.20 
2.60 
2.30 
0.30 
... 
> 
> 
< 
< 
< 
> 
> 
< 
< 
> 
> 
< 
> 
> 
< 
2.03 
2.00 
1.96 
1.91 
1.83 
2.00 
1.96 
1.91 
1.83 
1.96 
1.91 
1.83 
1.91 
1.83 
1.83 
.. 
TABLE 15B 
DUNCAN MULTIPLE RANGE TEST FOR BANDSAW TEST AT 16 lbs 
--------------------------------------~--------------
CODE 
----------
BLUE 
ORANGE 
GREEN 
YELLOW 
BONG 
GOLD 
316Y/BL 
3160/BL 
MEAN 
-------
19.60 
19.80 
20.80 
21.00 
22.50 
23.10 
40.00 
42.80 
STANDARD ERROR =Syi. = 
OF EACH MEAN 
Rp= ra(p,f)Syi 
R2 - 1.05 -
R3 - 1.09 -
R4 - 1.13 
R5 - 1.15 -
R6 - 1.16 
R7 - 1.18 -
RS - 1.19 
..... 
COMPARING 
3160/BL vs BLUE 
3160/BL vs ORANGE 
3160/BL vs GREEN 
3160/BL vs YELLOW 
3160/BL vs BONG 
3160/BL vs GOLD 
3160/BL vs 316Y/BL 
316Y/BL vs BLUE 
316Y/BL vs ORANGE 
316Y/BL vs GREEN 
316Y/BL vs YELLOW 
316Y/BL vs BONG 
316Y/BL vs GOLD 
0.2828 
- 23.20 -
- 23.00 -
= 22.00 
- 21.80 -
- 20.30 -
- 19.70 
- 2.80 -
= 20.40 
- 20.20 -
- 19.20 
- 19.00 
- 17.50 
- 16.90 -
66 
STD.DEV. 
--------
0.52 
0.79 
0.79 
0.67 
0.53 
0.73 
0.67 
1.40 
r(2,97)= 
r(3,97)= 
r(4,97)= 
r(5,97)= 
r(6,97)= 
r(7,97)= 
r(S,97)= 
> 
> 
> 
> 
> 
> 
< 
> 
> 
> 
> 
> 
> 
3.71 
3.86 
3.98 
4.06 
4.11 
4.17 
4.21 
1.19 
1.18 
1.16 
1.15 
1.13 
1.09 
1.05 
1.18 
1.16 
1.15 
1.13 
1.09 
1.05 
' 
GOLD 
GOLD 
GOLD 
GOLD 
GOLD 
BONG 
BONG 
BONG 
BONG 
YELLOW 
YELLOW 
YELLOW 
GREEN 
GREEN 
ORANGE 
..... , •• • • I 
vs BLUE 
VS ORANGE 
vs GREEN 
vs YELLOW 
vs BONG 
VS BLUE 
VS ORANGE 
VS GREEN 
VS YELLOW 
VS BLUE 
VS ORANGE 
VS GREEN 
VS BLUE 
VS ORANGE 
VS BLUE 
= 
-
-
-
= 
-
-
-
-
-
-
-
-
-
-
-
-
= 
-
-
-
67 
3.50 
3.30 
2.30 
2.10 
0.60 
2.90 
2.70 
1.70 
1.50 
1.40 
1.20 
0.20 
1.20 
1.00 
0.20 
> 
> 
> 
> 
< 
> 
> 
> 
> 
> 
> 
< 
> 
< 
< 
1.16 
1.15 
1.13 
1.09 
1.05 
1.15 
1.13 
1.09 
1.05 
1.13 
1.09 
1.05 
1.09 
1.05 
1.05 
TABLE 15C 
DUNCAN MULTIPLE RANGE TEST FOR BANDSAW TEST AT 18 lbs 
----------------------------------------------------~ 
CODE 
----------
ORANGE 
BLUE 
YELLOW 
GREEN 
GOLD 
BONG 
316Y/BL 
3160/BL 
MEAN 
------
19.20 
19.50 
21.00 
21.00 
21. 90 
22.20 
38.50 
40. 40 
• STANDARD ERROR =Sy1. 
OF EACH MEAN 
Rp= ra(p,f)Syi 
R2 - 1.11 -
R3 - 1.16 -
R4 - 1.19 
RS - 1.22 -
R6 - 1.23 -
R7 - 1. 25 -
RB - 1. 26 -
COMPARING 
3160/BL vs ORANGE 
3160/BL vs BLUE 
3160/BL vs YELLOW 
3160/BL vs GREEN 
3160/BL vs GOLD 
3160/BL vs BONG 
3160/BL vs 316Y/BL 
316Y/BL vs ORANGE 
316Y/BL vs BLUE 
316Y/BL vs YELLOW 
316Y/BL vs GREEN 
316Y/BL vs GOLD 
316Y/BL vs BONG 
-
- 0.3 
- 21.20 
= 20.90 
- 19.40 
- 19.40 
- 18.50 
- 18.20 -
- 1.90 -
= 19.30 
- 19.00 
- 17.50 
- 17.50 
- 16.60 
- 16.30 
STD.DEV. 
--------
0.42 
0.85 
0.67 
1.63 
0.57 
0.63 
0.53 
1.07 
r(2,97)= 
r(3,97)= 
r(4,97)= 
r(5,97)= 
r(6,97)= 
r(7,97)= 
r(S,97)= 
> 
> 
> 
> 
> 
> 
> 
> 
> 
> 
> 
> 
> 
3.71 
3.86 
3.98 
4.06 
4.11 
4.17 
4.21 
1.26 
1.25 
1.23 
1.22 
1.19 
1.16 
1.11 
1.25 
1.23 
1.22 
1.19 
1.16 
1.11 
--
BONG 
BONG 
BONG 
BONG 
BONG 
GOLD 
GOLD 
GOLD 
GOLD 
GREEN 
GREEN 
GREEN 
YELLOW 
YELLOW 
BLUE 
vs ORANGE 
vs BLUE 
vs YELLOW 
vs GREEN 
vs GOLD 
VS ORANGE 
VS BLUE 
VS YELLOW 
VS GREEN 
VS ORANGE 
VS BLUE 
VS YELLOW 
VS ORANGE 
VS BLUE 
VS ORANGE 
-
-
= 
-
-
-
= 
-
-
-
-
-
== 
-
-
= 
-
-
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3.00 
2.70 
1.20 
1.20 
0.30 
2.70 
2.40 
0.90 
0.90 
1.80 
1.50 
o.oo 
1.80 
1.50 
0.30 
> 
> 
> 
> 
< 
> 
> 
< 
< 
> 
> 
< 
> 
> 
< 
1.23 
1.22 
1.19 
1.16 
1.11 
1.22 
1.19 
1.16 
1.11 
1.19 
1.16 
1.11 
1.16 
1.11 
1.11 
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TABLE 17 
ANOVA FOR SLOT MILLING TEST DATA 
(EFFECT DUE TO DIFFERENT FEED RATES) 
MATERIAL: 
CALCULATED F: 
MATERIAL: 
CALCULATED F: 
MATERIAL: 
CALCULATED F: 
MATERIAL: 
CALCULATED F: 
MATERIAL: 
CALCULATED F: 
MATERIAL: 
CALCULATED F: 
303 ORANGE 
414.714 
303 GREEN 
391.971 
303 BLUE 
5.963 
303 YELLOW 
164.263 
416 GOLD 
237.176 
416 BONG 
26.592 
THEORATICAL F: 
THEORATICAL F: 
THEORATICAL F: 
THEORATICAL F: 
THEORATICAL F: 
THEORATICAL F: 
71 
4.17 
4.17 
4.17 
4.17 
4.17 
4.17 
··, 
TABLE 18 
ANOVA FOR SLOT MILLING TEST DATA 
(EFFECT DUE TO MATERIAL AT DIFFERENT FEED RATES) 
FEED RATE: 
CALCULATED F: 
• 
FEED RATE: 
CALCULATED F: 
2.125 
221.74 
4.625 
123.14 
THEORETICAL F: 2.29 
THEORETICAL F: 2.29 
t 
72 
Mi-Mj-1.82 
------------
\ 
13.93 
10.118 
7.87 
7.74 
5.18 
6.93 
3.118 
0.87 
0.74 
4.37 
0.558 
-1.69 
4.24 
0.428 
1.992 
TABLE 19A 
TUKEY'S STUDENT RANGE TEST FOR MILLING AT 2.125 IPM 
---------------------------------------------------
CODE 
-------
BONG 
ORANGE 
YELLOW 
BLUE 
GREEN 
GOLD 
< 
< 
< 
< 
< 
< 
< 
< 
< 
< 
< 
< 
< 
< 
< 
GOLD 
GOLD 
GOLD 
GOLD 
GOLD 
GREEN 
GREEN 
GREEN 
GREEN 
BLUE 
BLUE 
BLUE 
YELLOW 
YELLOW 
ORANGE 
MEAN 
-------
-5.00 
-1.19 
1.06 
1.19 
3.75 
10.75 
Mi - Mj 
-------
vs 
VS 
vs 
vs 
vs 
VS 
vs 
VS 
VS 
vs 
vs 
vs 
VS 
VS 
vs 
73 
BONG 
ORANGE 
YELLOW 
BLUE 
GREEN 
BONG 
ORANGE 
YELLOW 
BLUE 
BONG 
ORANGE 
YELLOW 
BONG 
ORANGE 
BONG 
STD.DEV. 
--------
1.93 
1.11 
1.06 
1.42 
0.93 
1.77 
< 
< 
< 
< 
< 
< 
< 
< 
< 
< 
< 
< 
< 
< 
< 
Mi-Mj+l.82 
----------
17.57 
13.76 
11.51 
11.38 
8.82 
... 
10.57 
6.76 
4.51 
4.38 
8.01 
4.20 
1.95 
7.88 
4.068 
5.63 
Mi-Mj-2.61 
------------
12.453 
6.39 
6.39 
3.265 
-1.735 
11.578 
5.515 
5.515 
2.39 
6.578 
0.515 
0.515 
3.453 
-2.61 
3.453 
TABLE 19B 
TUKEY'S STUDENT RANGE TEST FOR MILLING AT 4.625 IPM 
----------------------------------------------------
CODE 
-------
GREEN 
GOLD 
BONG 
BLUE 
YELLOW 
ORANGE 
< 
< 
< 
< 
< 
< 
< 
< 
< 
< 
< 
< 
< 
< 
< 
ORANGE 
ORANGE 
ORANGE 
ORANGE 
ORANGE 
YELLOW 
YELLOW 
YELLOW 
YELLOW 
BLUE 
BLUE 
BLUE 
BONG 
BONG 
GOLD 
MEAN 
-------
-6.94 
-0.88 
-0.88 
2.25 
7.25 
8.13 
Mi - Mj 
-------
vs 
vs 
vs 
vs 
vs 
vs 
vs 
vs 
vs 
vs 
vs 
vs 
vs 
vs 
vs 
74 
GREEN 
GOLD 
BONG 
BLUE 
YELLOW 
GREEN 
GOLD 
BONG 
BLUE 
GREEN 
GOLD 
BONG 
GREEN 
GOLD 
GREEN 
• 
STD.DEV. 
--------
1.95 
2.45 
3.07 
1.00 
1.61 
1.46 
Mi-Mj+2.61 
< 
< 
< 
< 
< 
< 
< 
< 
< 
< 
< 
< 
< 
< 
< 
----------
17.67 
11.61 
11.61 
8.49 
3.49 
16.80 
10.74 
10 •. 7 4 
7.61 
11.80 
5.74 
5.74 
8.673 
2.61 
8.67 
TABLE 20A 
DUNCAN'S MULTIPLE RANGE TEST FOR MILLING AT 2.125 IPM 
---------------..----------------------------------------
CODE 
--------
BONG 
ORANGE 
YELLOW 
BLUE 
GREEN 
GOLD 
MEAN 
-----
-s.oo 
-1.19 
1.06 
1.19 
3.75 
10.75 
STANDARD ERROR =Syi. 
OF EACH MEAN 
Rp= ra(p,f)Syi 
COMPARING 
GOLD 
GOLD 
GOLD 
GOLD 
GOLD 
GREEN 
GREEN 
GREEN 
GREEN 
• 
R2 - 2.11 -
R3 - 2.20 -
R4 - 2.27 -
RS - 2.31 -
R6 - 2.34 -
vs BONG 
vs ORANGE 
vs YELLOW 
vs BLUE 
vs GREEN 
VS BONG 
VS ORANGE 
VS YELLOW 
VS BLUE 
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
0.57 
15.75 
11.94 
9.69 
75 
9.56 
7.00 
8.75 
4.94 
2.69 
2.56 
STD.DEV. 
--------
1.93 
1.11 
1.06 
1.42 
0.93 
1.77 
r(2,95)= 
r(3,95)= 
r(4,95)= 
r(S,95)= 
r(6,95)= 
> 
> 
> 
> 
> 
> 
> 
> 
> 
3.71 
3.86 
3.98 
4.06 
4.11 
2.34 
2.31 
2.27 
2.20 
2.11 
2.31 
2.27 
2.20 
2.11 
BLUE 
BLUE 
BLUE 
YELLOW 
YELLOW 
ORANGE 
VS BONG 
VS ORANGE 
VS YELLOW 
VS BONG 
VS ORANGE 
VS BONG 
-
= 
:a 
-
= 
6.19 
2.38 
0.13 
6.06 
2.25 
3.81 
> 
> 
< 
> 
> 
> 
2.27 
2.20 
2.11 
2.20 
2.11 
2.11 
.j 
• 
TABLE 20B 
DUNCAN'S MULTIPLE RANGE TEST FOR MILLING AT 4.625 IPM 
-------------------------------------------------------
CODE 
--------
GREEN 
GOLD 
BONG 
BLUE 
YELLOW 
ORANGE 
MEAN 
-----
-6.94 
-0.88 
-0.88 
2.25 
7.25 
8.13 
STANDARD ERROR =Syi. 
OF EACH MEAN 
Rp= ra(p,f)Syi 
COMPARING 
ORANGE 
ORANGE 
ORANGE 
ORANGE 
ORANGE 
YELLOW 
YELLOW 
YELLOW 
YELLOW 
•, 
R2 - 3.08 
R3 - 3.21 -
R4 - 3.31 
R5 - 3.37 
-
R6 - 3.41 -
vs GREEN 
vs GOLD 
vs BONG 
vs BLUE 
vs YELLOW 
VS GREEN 
VS GOLD 
VS BONG 
VS BLUE 
-
-
0.8306 
- 15.06 
-
- 9.00 
-
- 9.00 
- 5.88 
- 0.88 
- 14.19 
- 8.13 
- 8.13 
-
- 5.00 
T7 
STD.DEV. 
--------
1.95 
2.45 
3.07 
1.00 
1.61 
1.46 
r(2,95)= 
r(3,95)= 
r(4,95)= 
r(5,95)= 
r(6,95)= 
> 
> 
> 
> 
< 
> 
> 
> 
> 
3.71 
3.86 
3.98 
4.06 
4.11 
3.41 
3.37 
3.31 
3.21 
3.08 
3. 3·7 
3.31 
3.21 
3.08 
', 
BLUE vs GREEN 
-
14.19 > 3.31 BLUE VS GOLD 
-
8.13 > 3.21 BLUE VS BONG 
-
8.13 > 3.08 I 
BONG VS GREEN 
-
6.06 > 3.21 BONG vs GOLD 
-
o.oo < 3.08 
GOLD VS GREEN 
-
6.06 < 3.08 
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T.\BLE 2 1 
MAC~1INABILITY R,t\NKING OF E.Ar\JDSA\~ TEST 
I 
. I 
FEED DUNCAN MULTIPLE 
pq[SSUPE RANGE TEST 
IJ LBS 
I ,- I ::>c .G L_._, 
18 LBS 
303BLUE 
3030PAi'JGE 
I I 
I 
416GOLD 
303YELLOW 3160/BL 
41680NG 31SY/8L 
303G~EE:-J 
1 
I 
3033LUE l303YE~Lcw,
1 
415GGLD ' 316Y/9L 
3C30RA.NGE 303C~E~': 4 1650NG 3 I 60/Bi.... 
2'03BLUE : 303'i'c:LLOW I 4 I 6BONG 
3030R A~'.3E 303GREC:N I ti I 6GGLJ 
79 
3!6'f/BL 
3160/91_ 
TJKEY 'S RAr~G= 
TEST 
303BL 1..:E 
-1"'1-C~AN --
... h.. ...) re; l.; ::. 
I 
~ ,-10,: . ,::- I v· .....,_L....__ 
303CRANGE: ~'62JNG 
303GRE~~ J j 4 , oGCLJ 
303YEL~QW. 
30.3-VELLOW 
30~GR.:..NGE 30~Gr'EEN 
303BLUE 416GOLD 
41680NC 
416GOLO 
303YE~LOW 3:60/BL 
416BONG 316(/B~ 
I ·07--n;:--f\' 
. ..) -..vr:._c. . 
3160.BL 
j 
I 
3 ' ~ v -e.L • .._,, I I 
316Y/BL I 3160/BL 
I 
I 
1 
\ 
/ 
Fr t..O (~PM; 
4.625 
2. 125 
TA6L~ 22 
MACHINABILITY RANKING OF MILLING TEST 
DUNC A~~ MULTIPLE 
Rft.NGE TEST 
302'GREEN 4168QNG 416GCJLD 3036LUE 
3030RANG~ 
."303YELLOW 303G~E~N 
I "' 
TLJKEY'S RANGE 
TEST 
416BONG 3038LUE 
416GOL..0 I 
3030RANGE 
303YELLOW 
I 4 I 68CNG I 303CRANGE 3Jg~~Ci_~w 302G,';Etl . 41 E.GCLO 4 i 620NG I 303J~ANGE :!'~~:L~" 303GllEEN 4 I 6GOLO 
I 
~---------1-. ___ ......_ _ __ .._ __ ...., ___ ...........__ _ -_L_ ..;._ _ ...__ ___ ........_. _______ __. 
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APPENDIX l 
POWER BANDSAW TEST DATA 
- - - - -- --~- -- - --- . -- - .. - - -- - --- ---- -
-- - - - -- -
:FEED :MATERIAL I TIME (sec) I MEAN : STD. DEV. : I I 
- - - ·- -
-----
1 2 3 4 5 b 7 8 9 10 
'-----'--------- '----------------------------------------'--- ____ t ________ I 
I I I I I 
GOLD 19 21 ., "'I 21 21 21 22 22 22 22 I ?l.20 1.03 I I. I. 
BONG I 21 20 21 22 23 22 23 22 23 23 22.00 1 . 05 
I ORANGE I 1 7 20 18 1q 20 18 18 19 20 20 18.90 1 . l 0 
GREEN I 22 22 .., " '-L 23 23 23 :3 23 , .. ,j 24 22.80 . 0.63 
:14lb I YELLOW lb 22 21 22 '1 "7 '"I -; 23 ') "'I 20 23 I 21.40 2. 12 I I L. J LL [. '-
BLUE l ? l ' 18 18 18 19 20 19 20 20 
I 18.bO 1 . 1 1 I 
:o ON BLUE: 38 38 40 41 42 42 42 43 42 43 41 . l 0 I l.8S 
:v ON BLUE: 38 4 l 42 40 42 4i 42 43 43 43 I 41. 60 I 1 . 58 
I : I 
.. - - - -
I 
---------
----------------------------------------
-------
- - - -- - .... 
I I I 
GOLD I -- 24 -. 7 24 22 1 '1 '"17 24 23 '"I 7 I 2 3 .10 0. 70 I ' ' I .. .J .. .J I. L '- .J '- J 
BONG "j i 22 ,-. '1 "') '17 ii ""· 7 '"I ,, '", 7 .., .. 22.50 I 0.50 I '- J LL '- I... '- J I. I... L. J LL '- .,J ,:, I 
ORANGE I 21 20 21 lq lq 19 19 20 20 20 I 19.80 I 0.7S I 
GREEN j , ,., 21 20 20 21 21 20 .. 'i 21 ') ~ I 21.00 0. 7 7 I I. L L.L LL 
' 
:1610 I YELLOW 21 20 21 "'\ "'\ 20 21 21 21 
.., ,, 21 I 21. 00 I 0.63 I 
' L. LL 
BLUE 19 19 19 lq 20 20 20 20 20 20 I i9.60 0.49 
:o ON BLUE: 39 43 43 43 43 44 43 43 43 44 I 42.80 I 1 . 33 I 
1y 
I ON BLUE; 39 39 40 40 40 40 40 41 40 41 40.00 0.63 
'··---- 1 _________ 1 ________________________________________ 1 _______ 1 ________ I 
I I 
' 
I I I 
GOLD lj '; 21 21 ., i 22 22 lj "l 'i ,, 22 ., '7 21.90 0. 54 L '- LL L. L I. L L. .J 
BONG I 22 23 '),, '"I ,, ., '"I 22 23 21 ,, '1 23 22.20 I 0.60 I LL I.( L. L LL 
ORANGE 19 19 19 20 19 19 19 19 20 19 19.20 0.40 I 
GREEN 18 18 22 21 21 22 22 22 'i 'i ') 'i 21.00 1.55 '- '- .. L. I 
: 181 b I YELLOW 21 20 21 22 20 21 21 21 22 21 I 21.00 0.63 I I 
BLUE 18 20 19 19 19 21 20 19 20 20 I 19.50 I 0.81 I I 
:o ON BLUE; 41 42 40 42 39 40 40 39 41 40 40.40 1 . 02 
:Y ON BLUE: 38 38 38 38 39 39 39 38 39 39 38.50 0.50 
- -- - -
.. - -- - - - ------ -·----- ----- - -- ··----
- -- - . - - -- - -- - . - -- --·-- --
--------
• 
. .) 
' -. 
APPENDIX 2 
DUNCAN'S MULTIPLE RANGE COMPARISON TEST 
- Treatment Means Are Arranged In Ascending Order. 
- Standard Error Of Each Mean Is Computed As. 
Sy i = Standard Error Of Each Mean 
I 
MSe = Mean Square Error (obtained from ANOVA table) 
n = No. of Groups 
- From Duncan's Table Of Significant Ranges, Obtain 
r (p, f) Where Is The Significance Level And f is 
Number Of Degrees Of Freedom For Error. 
- Convert These Ranges Into A Set Of "a-1" Least 
Significant Ranges. 
Rp = roc(P,f) Syi 
For p = 2,3, ..... a 
- Difference Between The Two Means Is Compared To The 
Corresponding Rp Values. 
- When Rp Value Is Greater Than The Difference Between 
The Means, It Is Inferred That The Paired Means Are Of 
Same Group. On The Other Hand If The Rp Value Is Less 
Than The Difference Between The Means, It Implies That 
The Paired Means Are Of Different Groups. 
' 66 
• 
TUKEY'S MULTIPLE RANGE COMPARISON TEST 
This Test Is Shown With The Help Of The Numerical Values 
From The Milling Test. 
- Treatment Means Are Arranged In Ascending Order. 
q p,f = Constant( upper 100 percent point of 
studentized range distribution) 
q• 0 1 6 , 4 7 = 4 • 7 6 
= Level Of Significance 
f = Number Of Degrees Of Freedom For Error 
Mean Square = M.S. = s2 
n 
n ~ Number Of Observations 
-
M.S. = 4,11 
48 
Confidence Interval Is Obtained By The Following 
Equation. 
Mi~ Mj ± q M.S. 
Mi - Mj ± 4.76 4.11 
48 
Mi - Mj ± 1.39 
- Make Statements On The Basis Of ·confidence Interval. 
- For Any Interval Containing Zero The Paired Means Are 
Inferred To Be Of The Same Group. 
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